PIYRI~ICATION 0]~ CATHEPSIN inert protein is first destroyed by autolysis. More inert protein is removed by adsorption first by spleen material and then by aluminum hydroxide. Finally, the cathepsin and most of the remaining inert protein is precipitated from a very dilute solution by tungstic acid. The tungstic acid precipitate of cathepsin is stable in the cold.
The specific activity of the protein precipitated by tungstic acid can be increased at least 8 times by extraction of the tungstic acid precipitate with barium hydroxide plus barium chloride and by the application to this extract of further procedures which have not yet been standardized and so will not be described in this paper.
Purified cathepsin is not inactivated when exposed to 0.01 ~ iodoacetamide for an hour at pH 8.0 and at 25°C. When added to gelatin at pH 3.5 in the presence of cysteine it does not cause a detectable increase in the formol titration. The experiments with gelatin were not carried out with the cathepsin preparation described in this paper.
The Starting Material.--Beef spleen is used as a source of cathepsin because it is relatively rich in cathepsin and relatively cheap. Even spleen, however, contains extremely little proteinase compared with specialized tissues such as exist in the stomach and pancreas. Thus, the extract of 1 gm. of beef spleen has 3.7 × 10 -3 hemoglobin units of cathepsin activity whereas the extract of 1 gin. of pig stomach fundus mucosa has 5 X 10-: hemoglobin units of pepsin activity.
The Purification Procedure.--The following outline of the procedure used for the purification of cathepsin states in a general way what the various steps are, what they accomplish, and in what way they are of general interest for the methodology of the purification of tissue proteins. Detailed directions are given in the experimental part.
1. Frozen beef spleen is thawed and suspended in water for a day. During this procedure some autolysis takes place. About half the nitrogen of the spleen is extracted and about half the nitrogen in the extract is protein nitrogen.
2. The suspension is 0.3 saturated with ammonium sulfate, acidified to green to brom cresol green, and heated to 45°C. Extensive further autolysis takes place, denatured protein is precipitated, and the mass of insoluble material is clotted, which facilitates filtration. The bulky mass of insoluble material adsorbs the cathepsin as well as practically all the unautolyzed other protein present. When the acidified and heated spleen material is filtered most of the products of autolysis remain in the filtrate and are thus removed.
Cathepsin not adsorbed to insoluble spleen material is unstable at 45°C.
in acid solution. Thus the adsorption protects the cathepsin from destruction under the conditions which bring about extensive autolysis. Purified cathepsin not adsorbed to insoluble spleen material is soluble in 0.3 saturated ammonium sulfate. Thus the adsorption also makes possible the separation of cathepsin from split products formed during autolysis. 3. The insoluble mass remaining after filtration of the acid autolysate is made slightly alkaline (red to phenol red) with a sodium hydroxide solution of the amphoteric aluminum hydroxide. The aluminum hydroxide which is soluble only in strong alkali is precipitated again at red to phenol red and helps with the filtration. It is not present in sufficiently large amount to be important as an adsorbent. The insoluble spleen material which adsorbed all the cathepsin in the acid ammonium sulfate solution no longer adsorbs cathepsin at red to phenol red and so after filtration the cathepsin is all obtained in the filtrate. Some inert protein, however, remains adsorbed to the insoluble spleen material and thus a purification as well as an extraction of the cathepsin is obtained by the addition of alkali. If the suspension is made too alkaline less inert protein is removed. If the solution is made too acid some cathepsin is carried down with the precipitate.
4. Some inert protein in the alkaline filtrate and about 25 per cent of the cathepsin are removed by adsorption with aluminum hydroxide at red to phenol red. If more than the recommended aluminum hydroxide is used or the pH is made less alkaline, more cathepsin is lost. If the amount of aluminum hydroxide is decreased or the pH made more alkaline, less inert protein is removed and a product of lower specific activity obtained. This procedure, llke most adsorptions by hydroxide gels, is sensitive to the exact conditions and so does not give completely reproducible results.
Instead of adding previously prepared aluminum hydroxide, as is usually done, aluminum hydroxide in the procedure just described is formed in the spleen extract by the addition first of partially neutralized aluminum chloride and then of sodium hydroxide. Aluminum hydroxide formed in the extract removes much more inert protein than the same amount of aluminum hydroxide prepared before being added to the extract. Presumably protein does not penetrate rapidly into the interior of an aluminum hydroxide gel.
5. The cathepsin and most of the remaining protein and a part of the protein split products are precipitated by tungstic acid at green to brom cresol green. At this pH the proteins are precipitated by tungstic acid in the native form. When tungstic acid is used to remove proteins for analyti-cal work on protein-free filtrates, the protein is usually denatured as the result of the solution being made too acid. So tungstlc acid has in general not been used for preparative work. Tungstic acid is chosen for the precipitation of cathepsin despite the fact that it precipitates some of the protein split products. It is the only reagent I have found which will precipitate cathepsin even when the cathepsin is present in an extremely dilute solution containing much more protein split products than protein and which is cheap enough to be used for very large volumes of solutions. The presence of tungstate, furthermore, is useful in the further purification of cathepsin with barium hydroxide. Many techniques which are used in the fractionation of proteins are not practical for large scale work with tissues. Yet if many experiments are to be done on the purification of an enzyme which is present in low concentrations large scale work is necessary. The procedure for the purification of cathepsin which has been outlined permits one man to work up as much as 40 kilograms of spleen at a time with very simple apparatus and can also be applied to small quantities of spleen.
Results.-- Table I gives a typical series of results. The first column shows the amount of proteinase left at each step per gram of spleen starting material. About half the loss of proteinase is a purely mechanical loss due to the fact that in the alkaline extraction the precipitate is not washed. The other columns give the activities per milligram protein nitrogen and per unit total and protein color value. By protein is meant the material precipitated by 0.2 ~r trichloracetic acid. The protein content of the tungstic acid precipitate is not given because protein cannot be estimated in the presence of tungstic acid which precipitates protein split products.
The color value is the color given with the phenol reagent expressed as the number of mi]llgrams of tyrosine which give the same color. The color value is easier to measure than the nitrogen value and it can be measured in the presence of ammonium sulfate. Purification of the cathepsin changes the protein color value per milligram of protein nitrogen only slightly. Although activity, nitrogen, and color values are given for the filtrate from the suspension of thawed spleen, in practice this suspension is not filtered but is acidified and heated.
Note on Maver's Experiments. --Maver (1939) digested denatured hemoglobin at pH 3.5 for 3 hours at 37°C. with a somewhat purified liver extract and measured by the Kjeldahl method the amount of protein precipitated by tricMoraeetic acid both before and after digestion. She found that the amount of protein changed into a non-precipitable form was increased 3.8 times by the addition of cysteine and concluded that the proteinase, cathepsin, is activated by cysteine. The experimental conditions used by Mayer differ in two important respects from the conditions used in my hemoglobin method. The trichloracetic acid is 1 N instead of 0.187 N and the digestion is carried on much longer and much further than in my original experiments.
The conditions used by Mayer, apart from being inconvenient, are not suitable for the estimation of proteinase in the presence of peptidase. I have found that for a given amount of digestion the nitrogen content of the trichloracetic acid filtrate of a hemoglobin digest is 1.5-3.0 times less when the trichloracetic acid concentration is 1 N than when it is 0.2 N. The exact difference depends on the extent and conditions of digestion. 1 Hiller and Van Slyke (1922) showed that l0 per cent trichloracetic acid precipitates somewhat more of Witte's peptone than 2.5 per cent trichloracetic acid. Thus, under Maver's conditions one estimates not only the initial digestion of protein due to proteinase but also the further digestion of split products precipitable by concentrated but not by dilute trichloracetic acid which may be due to peptidase. Secondly, in the estimation of proteinase it is not desirable to carry the digestion far since extensive digestion introduces complications due to the inhibition of proteinase by the products of digestion. When the extent of digestion of protein is great the extent of digestion is no longer sensitive to the amount of enzyme used and an apparent activation of proteinase may really be an activation of peptidases which digest split product inhibitors.
I have digested hemoglobin for 3 hours with a crude spleen extract, added trichloracetic acid, filtered off the precipitate, and estimated by the Kjeldahl method the nitrogen 1 This observation suggests a method for preparing large split products from proteins. If the protein is digested slightly and the undigested protein is precipitated by 0.2 N trichloracetic acid and removed by filtration, then most of the material in the filtrate can be precipitated by the addition of more trichloracetic acid. The exact concentration of trichloracetic acid for maximum precipitation should be determined empirically, since the amount precipitated decreases again if the trichloracetic acid is made too concentrated. 1 N trichloracetic acid was used in the present experiments only because it was used by Maver. As digestion proceeds the fraction of the material in the filtrate precipitable by the addition of more trichloracetic acid becomes less.
pURIFICATION OF CAT~PSIN content of the filtrate. When a smaU amount of enzyme was used and the final concentration of trichloracetic acid was 0.2 N then the nitrogen content of the filtrate (corrected for the blank) was 1.22 times as great when cysteine was present during the digestion than when cysteine was not added. When, however, 12 times as much enzyme was used and the final trichloracetic acid concentration was I N then the filtrate contained 1.54 times more nitrogen if cysteine was present than if it was not (Table If) .
I do not know the reason for the small and unimportant cysteine effect obtained eveu when the extent of digestion is small and dilute trichloracetic acid is used. There may be some inactivation of cathepsin in the 3 hour digestion period used by laver, which inactivation is inhibited by cysteine. I have already shown that such inactivation and inhibition can take place in more acid solution (Anson, 1937) . There may be some small salt effect such as can also be obtained with ammonium sulfate. In any case, there is no evidence that the small cysteine effect is due to activation of enzyme at all. Enzymes of the papain type are usually almost completely inactivated by much handling and the cysteine effect is usually very great. The somewhat larger cysteine effect obtained when, following Maver, extensive digestion and concentrated trichloracetic acid are used is probably due to an activation of peptidase. Tissue peptidase is activated by cysteine (Anson, 1937) and, as has already been pointed out, under Maver's conditions the hemoglobin-trichloracetic acid method may well measure peptidase in addition to proteinase.
The present experiments do not explain why Mayer observed a 280 per cent increase in the nitrogen content of the trichloracetic acid filtrate when I observed only a 54 per cent increase. The two enzyme preparations were different and perhaps Maver's enzyme preparation did contain, as she concluded, a proteinase activated by cysteine.
In conclusion, when conditions are chosen under which proteinase alone is measured, no large cysteine effect is observed even when a long digestion period is used and the split products are estimated by the Kjeldahl method. The large cysteine effect reported by Maver cannot be accepted as an activation of proteinase until it is shown that under Maver's conditions only proteinase is estimated.
~.. xP F. i~ nW~.NTA~L
Estimation of Catkepsin.--Cathepsin is estimated as previously described (Anson, 1938) . The preparation of the hemoglobin substrate has, however, been modified by the treatment of the red blood corpuscles with toluol (Anson, 1939) . It is necessary that the empirical directions be followed rigorously if it is desired to express the activities measured in terms of the standard hemoglobin units. The following precautions should be taken in preparing the reagents and carrying out the procedure.
The first steps in preparing the hemoglobin substrate consist in centrifuging whipped blood, washing the red corpuscles with cold salt solution, and shaking the washed corpuscles with toluol. These steps should be carried out the same day the blood is obtained or, if this is not possible, the blood should be promptly cooled to O°C., kept at O°C., and worked up as soon as possible. If much bacterial multiplication takes place before the addition of toluol then split products are formed which are not completely removed by dialysis and, in addition, the substrate solution becomes contaminated with bacterial enzymes.
After the corpuscles have been shaken with toluol and the suspension is filtered, if there is a layer of toluol over the filtrate the filtrate is allowed to stand in a cylinder and the toluol is removed with a fine tipped syphon. Large amounts of toluol are not completely removed by the subsequent dialysis and toluol decreases the rate of digestion by cathepsin.
The dialyzed hemoglobin solution is stored frozen in cardboard or aluminum containers. These containers should be moisture tight so that the concentration of hemoglobin does not change with time. Wax paper should be placed between the covers of the containers and the containers and the joints on the bottom of the usual cardboard containers should be covered with paralfin.
When the hemoglobin solution is thawed for use only such an amount should be thawed as will be used in a week or two. This thawed hemoglobin solution is stored at 0-5°C. Eventually bacterial growth sets in. I have found no effective preservative which does not interfere with either the digestion or the colorimetric estimation of the products of digestion.
The dialyzed hemoglobin solution still contains a small amount of substances not precipitable with trichloracetic acid which give a color with the phenol reagent. This blank is measured from time to time by the method already described. If, as a result of bacterial action, the blank is high or rising the hemoglobin should be rejected rather than any attempt made to correct for the blank. The blank of the hemoglobin substrate prepared by the present procedure changes only slightly with storage of the hemoglobin until bacterial action finally sets in in the thawed solution.
After the hemoglobin has been partially digested by eathepsin the undigested hemoglobin is precipitated by the addition of 0.3 N trichloracetic acid, the suspension is filtered, and the filtrate is made alkaline with 0.5 N sodium hydroxide. It is important that the concentrations of trichloracetic acid and sodium hydroxide be checked by titration. Commercial solid trichIoracetic acid contains varying amounts of water. A filter paper such as Whatman's No. 42 should be used which gives a clear filtrate and does not adsorb split products. The color value of the filtrate, as measured with the phenol reagent, should be the same as that of the supernatant solution obtained if the trichloracetic acid suspension is centrifuged.
To check the whole procedure the hemoglobin is digested with a standard cathepsin solution and the products of digestion estimated. A stock stable solution of cathepsin in 75 per cent glycerine is stored at 5°C. I cc. of this glycerine solution is removed with an Ostwald contain pipette and diluted to 15 cc. with water to give the standard solution used for digestion. Different batches of hemoglobin are digested at the same rate by a given amount of cathepsin and the hemoglobin can be stored frozen for 6 months without any effect on the rate at which it is digested.
PURIFICATION OF CATHEPSII~
Estimation of Protein.--The protein is precipitated by 0.2 N trichloracetic acid out of a solution diluted to contain about 0.3 rag. protein per cc. When the solution contains much protein split products it is necessary to leave the trichloracetic acid solution at the temperature of hot tap water for a few minutes and then cool it to room temperature. If the heating is omitted the precipitation of protein is very slow. If the cooling to room temperature is omitted some of the protein remains dissolved.
To estimate the protein colorimetrieally, a trichloracetic acid precipitate containing about 3 rag. of protein is dissolved with 8 cc. of 0.5 • sodium hydroxide and 7 cc. of water. The color is then developed with 3 cc. of diluted phenol reagent as in the estimation of cathepsin (Anson, 1938) . In the eathepsin procedure more sodium hydroxide is used because of the trichloracetic acid which has to be neutralized.
Purification Procedure.--Beef spleen is ground and frozen in one pound blocks at the slaughter house (Swift and Co., Chicago) and transported and stored frozen.
The frozen spleen is allowed to thaw in a cold room and then suspended in twice its weight of tap water and allowed to stand for at least 24 hours at room temperature with toluol (Eastman Practical) as a preservative. For small scale work the spleen is suspended in an aluminum milk pail (Sears Roebuck). For large scale work the spleen suspension is prepared in 60 liter aluminum kettles (Wear-Ever Semi-Heavy Stock Pot).
To each liter of suspension there are added 176 gin. of ammonium sulfate and, after the salt is dissolved, 70 cc. of 1 • HC1. During the addition of the acid the suspension is stirred vigorously by hand with a large wooden paddle such as can be obtained from hotel supply houses. Mechanical stirring results in hard packing of the insoluble spleen material.
The spleen suspension is heated to 45°C. with the aid of an aluminum coil through which 50-55°C. water is passed. A thermometer is introduced into the system with a Y-shaped aluminum connecting tube (Fischer Scientific Co., No. 15-321B) the thermometer being attached with thick rubber tubing. The suspension is stirred with the wooden paddle during the heating. It takes about 20 minutes to heat 35-40 liters of suspension with a 40 foot coil. The large kettle is covered with an aluminum cover and with blankets to prevent rapid cooling and is allowed to stand overnight. When a small amount of suspension is used it is transferred to a bottle which can be closed and is put away at 37°C.
The next morning the suspension is filtered on 50 cm. folded filter paper, the No. 612 sold in unfolded form by Eaton Dlkerman Company, Mount Holly Springs, Pennsylvania. More suspension is poured on the papers when there is room, the final amount of suspension added to each funnel being about one and one-half times the amount needed to fill the funnel originally. After the filtration is about complete but before the solid material has begun to crack, the funnels are filled with tap water made green to brom cresol green with HC1, covered with aluminum covers (Sears Roebuck), and the filtration is allowed to continue overnight. More extensive washing is not possible without loss of cathepsin.
The next morning, the precipitates and the filter papers are stirred up with tap water, the total volume being that of the original spleen suspension before the addition of salt and acid. More toluol is added. The suspension is brought to red to phenol red by adding with stirring a solution made up of 1 part 2 ~ A1CI~ and 10 parts 1 N NaOH. The suspension is stirred vigorously and more alkali is added as needed to keep the suspension red to phenol red.
After the suspension has been at red to phenol red for 1 hour it is poured on the large folded filter papers, covered, and allowed to filter overnight, no additional suspension being added to each paper. The precipitate is not washed although it occupies one third of the original volume. Washing is slow and results in a product with lower specific activity.
A partially neutralized A1CI8 is made up by adding 1 ~ NaOH with mechanical stirring to an equal volume of 1 ~ A1C13. 40 cc. of this product are added to each liter of alkaline filtrate. 1 N NaOH is then added with mechanical stirring until the solution is red to phenol red and the AI(OH)8 is filtered off with the aid of Hyflo Super-cel (Johns Manville) and suction on monel metal Buchner funnels of 33 cm. diameter (Louis Fuhro, New York City). The filter cake is washed with water made red to phenol red with NaOH until the total volume of the filtrate is about the same as the suspension before filtration.
Since the exact amount of AI(OH)3 which gives considerable purification without too great loss of cathepsin is somewhat variable, it is safest, in large scale work, to find out by preliminary experiments with samples how much AI(OH)~ gives about 25 per cent loss of cathepsin.
To each liter of filtrate, which must be at room temperature and not cold, there are added 10 cc. of 1 ~ technical sodium tungstate (Molybdenum Corporation of America) and with mechanical stirring enough 1 N HC1 to make the solution green to brom cresol green. The suspension is allowed to stand 1 hour with occasional stirring. More HC1 is added if necessary to keep the solution green to brom cresol green. The precipitate is filtered on large Buchner funnels with Hyflo Super-eel and is washed with 0.001 tungstate made green to brom cresol green until the wash water gives the same sort of precipitate with a barium salt as the 0.001 ~ tungstic acid solution alone. When there is sulfate still present it is readily detected both by the amount and the character of the precipitate.
Finally the filter cake is suspended in water to give a suspension containing about 0.01 hemoglobin units of cathepsin per cc., assuming all the cathepsin to have been precipitated from the solution to which tungstic acid was added. Toluol is added as a preservative and the suspension is stored at 5°C. or frozen.
The Effect of Iodoacetamide on Cathepsin.--A tungstic acid precipitate of purified cathepsin is dissolved with sodium hydroxide. The final solution is red to phenol red and contains 2 × 10 -~ hemoglobin units of cathepsin per cc. If the cathepsin is allowed to stand for 1 hour at 25°C. at red to phenol red in the presence of 0.01 ~t iodoacetamide no inactivation takes place.
The Effect of Cysteine on Digestion.--The hemoglobin substrate is made up without ammonium sulfate by adding 1 cc. of 1.35 ~ acetic acid to 4 cc. of 2.5 per cent dialyzed hemoglobin prepared as already described (Anson, 1938 (Anson, , 1939 . To 5 cc. of this solution there is added either 0.5 cc. of 0.2 M cysteine HCI and 0.5 cc. of 0.16 N NaOH or in the control experiment 1 cc. of 0.1 N NaC1. 1 cc. of enzyme solution is then added and digestion is carried out for 3 hours at 370C. 10 cc. of 0.34 N trichloracetic acid are added to give a final concentration of 0.2 N or 10 cc. of 1.7 l,r trichloracetic acid to give a final concentration of 1 N. The suspension is allowed to stand 2 hours before filtration. This may be a longer period than is needed to complete the precipitation but if the filtration of the concentrated trichloracetic acid suspension is carried out right away a precipitate gradually forms in the filtrate. The nitrogen content of 5 or 10 cc. filtrate is measured
